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ABSTRACT We investigate the formation of fundamental dis-
crete solitons and dipole-mode gap solitons in triangular pho-
tonic lattices imprinted in photorefractive nonlinear media.
These lattices are strongly affected by the photorefractive
anisotropy, resulting in orientation-dependent refractive index
structures with reduced symmetry. It is demonstrated that two
different orientations of the lattice wave enable the formation of
fundamental discrete solitons in the total internal reflection gap.
Furthermore, it is shown that one lattice orientation additionally
supports dipole-mode solitons in the Bragg reflection gap. The
experimental results are corroborated by numerical simulations
using the full anisotropic model.

PACS 42.65.Tg; 42.65.Wi; 42.70.Qs

1 Introduction

Nonlinear periodic structures have recently be-
come an active area of research due to many exciting possibil-
ities of controlling wave propagation, steering and trapping.
Periodicity changes the wave bandgap spectrum and therefore
strongly affects propagation and localization, leading to the
formation of discrete and gap spatial solitons which have al-
ready been studied in several branches of science [1–4].

In optics, a periodic modulation of the refractive index can
either be pre-fabricated as in photonic crystals [5] or opti-
cally induced in photorefractive materials [6–9]. Until now,
several different approaches for the fabrication of photonic
crystals exist [10–12]. Although these mechanisms enable
a precise material structuring with periodicities adequate for
optical waves, they do not allow for flexible changes of struc-
tural parameters (e.g., lattice period or modulation depth). In
contrast, the optical induction in photorefractive crystals pro-
vides highly reconfigurable, wavelength-sensitive nonlinear
structures which can be induced at very low power levels.

It was this configuration that opened a new field of for-
mation of discrete and gap solitons showing from the first de-
scription [9] to complex configurations and soliton scenarios
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as soliton trains [13], Zener tunneling [14] and even mobility
investigations [15]. A concise review can be found in [16].

However, up to now, in almost all these demonstrations
the optically induced lattices have been restricted to a four-
fold symmetry in a diamond-like orientation. This is due to the
fact that in this lattice configuration effects of the anisotropy
of the electro-optic properties of photorefractive crystals can
be neglected.

Recently, in the same spirit, the formation of discrete
and gap solitons in hexagonal lattices (Fig. 1) has also been
demonstrated [17, 18]. Again, the orientation of the lattice
wave has been chosen to minimize the effect of anisotropy.

In general lattice orientations or symmetries, the induced
refractive index change depends strongly on the anisotropy of
the photorefractive response as well as on the polarization of
the lattice wave [19–21]. In particular, its spatial orientation
with respect to the c-axis of the crystal determines the sym-
metry of the resulting refractive index lattice, which can be
different from the inducing light pattern.

Even when considering lattices with the fourfold symme-
try as the simplest example of highly symmetric structures,
two lattice orientations can already be distinguished: a square
pattern with one high-symmetry axis orientated parallel to the
c-axis, and a 45◦ tilted, so-called diamond pattern as it has
been used in most experiments up to now. We have recently
demonstrated that, due to the photorefractive anisotropy, the
square lattice results in an effectively one-dimensional re-
fractive index structure consisting of vertical lines, whereas
the induced refractive index change for the diamond pat-
tern contains well separated spots, thus forming a fully two-
dimensional structure [19].

Furthermore, the anisotropic structure of the induced re-
fractive index change has been shown to influence the sym-
metry of discrete solitons [21]. Due to the effectively one-
dimensional refractive index modulation, the discrete soli-
tons generated in the square lattice resemble two-dimensional
solitons in a quasi one-dimensional lattice potential whereas
a probe beam in the diamond lattice follows the dynamics
known for truly two-dimensional lattices.

The purpose of this paper is to extend the concept of soli-
tons in optically induced lattices to more complex anisotropic
lattices and to demonstrate experimentally as well as numer-
ically, that with a concise analysis of the non-diffracting pat-
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terns which are propagating stable in the anisotropic photore-
fractive material, the formation of discrete and gap solitons
is possible. Thereby, we overcome previous limitations of
useable lattice configurations and extend the possibilities of
available lattices for soliton formation considerably.

As an example of an anisotropic photonic structure, we
have chosen complex triangular lattices, due to the fact that
they not only represent an example of highly-symmetric pat-
terns that are transformed into lattices with strongly reduced
symmetry, but also patterns that are an extension of the
commonly known fourfold symmetry diamond or square lat-
tices. Triangular lattices are higher-order lattices consisting
of dipole structures oriented in a diamond pattern with angles
of 60◦.

A similar effect of symmetry reduction can also be ob-
served for the hexagonal lattices (Fig. 1) already imple-
mented. However, for the triangular lattices the photorefrac-
tive anisotropy leads to crucially different refractive index
structures (cf. Figs. 1c and 3d as well as Figs. 1d and 4d). Cer-
tainly, this results in different bandgap spectra and hence in-
fluences the characteristics of possible solitons dramatically.

FIGURE 1 Structure analysis of the parallel (left) and perpendicular hex-
agonal pattern (right). (a, b) Lattice wave, (c, d) numerical simulation of the
light-induced refractive index change, (e, f) guided wave

To the best of our knowledge, there exist neither theoretical
nor experimental studies of soliton formation in this lattice
type so far. In particular, we show that the symmetry of dis-
crete solitons is influenced by the photorefractive anisotropy
in a very similar way as in lattices with fourfold symmetry.
We then expand our analysis to the propagation of dipole-
modes [22] and show that the triangular lattice in parallel
orientation enables the formation of dipole-mode gap soli-
tons. This is the first demonstration of a stable dipole structure
– a molecule of light – in a highly anisotropic lattice.

2 Experimental setup

The experimental setup is shown schematically in
Fig. 2.

A beam from a frequency-doubled Nd:YAG laser at
a wavelength of 532 nm is split into two beams with adjustable
intensities by using a combination of half wave plate and po-
larizing beam splitter.

The transmitted beam illuminates a programmable spatial
light modulator to imprint a phase modulation such that ad-
jacent spots of the lattice wave obtain a relative phase shift
of π radians. This phase modulation enables a diffraction
free propagation of the lattice wave [19] necessary for the
induction of two-dimensional periodic structures. The mod-
ulated beam is then imaged at the input face of a 20 mm
long Sr0.60Ba0.40Nb2O6 (SBN:Ce) crystal by a high numerical
aperture telescope. A half wave plate in front of the telescope
is used to ensure the ordinary polarization of the lattice wave
thus enabling its effectively linear propagation [6]. The crys-
tal is additionally biased by an externally applied electric field
and – to control the dark irradiance – uniformly illuminated
with a white-light source.

The reflected beam passes a combination of polarizing
beam splitter, quarter wave plate and piezo-mounted mirror
to achieve incoherence to the lattice wave. A vortex mask
within the optical path then creates an optical vortex with
topological charge m = +1. A Mach–Zehnder interferometer
setup is used to get interference of two vortices. Because of
the penta prism instead of a simple mirror in one of the inter-

FIGURE 2 Experimental setup. CCD: camera, ID: iris diaphragm, L: lens,
M: mirror, MO: microscope objective, (P)BS: (polarizing) beam splitter, PH:
pinhole, PM: piezo-mounted mirror, PP: penta prism, SLM: spatial light
modulator, VM: vortex mask
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FIGURE 3 Parallel triangular pattern. (a) Lattice wave, (b) first Brillouin
zone, (c) bandgap spectrum, (d) numerical simulation of the light-induced
refractive index change, (e) guided wave

ferometer arms one of the interfering vortices experiences an
additional reflection and therefore has a different rotational di-
rection (topological charge m = −1). The interference of such
counter-rotating vortices results in a dipole with a phase shift
of π radians between both bright spots. The extraordinarily
polarized dipole probe beam is focused onto the front face of
the crystal. By removing the vortex mask, the dashed drawn
beam splitters, and the penta prism (Fig. 2), the setup can be
changed to use a gaussian probe beam instead of the dipole.

The output of the crystal is finally analyzed with a CCD
camera.

To observe the induced refractive index structure, the lat-
tice can be illuminated with a broad plane wave, which is
then guided by the regions of high refractive index. As a con-
sequence, the modulated intensity distribution at the output
of the crystal qualitatively maps the induced refractive index

FIGURE 4 Perpendicular triangular pattern. (a) Lattice wave, (b) first
Brillouin zone, (c) bandgap spectrum, (d) numerical simulation of the light-
induced refractive index change, (e) guided wave

change [19–21, 23]. Figure 1e and f exemplarily show the
experimentally observed refractive index for the hexagonal
pattern in parallel and perpendicular orientation. The experi-
mental results are in good agreement with the numerical sim-
ulations depicted in Fig. 1c and d.

3 Triangular photonic lattices

Using the full anisotropic model [24], one can de-
scribe the optical induction of triangular lattices as well as
beam propagation in these structures by the following set of
equations:

i
∂E

∂z
+∇2E +F (I )E = 0 , (1)

F (I ) = Γ
∂ϕ

∂x
, (2)
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∇2ϕ+∇ϕ∇ ln(1 + I ) = ∂

∂x
ln(1 + I ) . (3)

It is ∇2 = ∂2/∂x2 + ∂2/∂y2; Γ is proportional to the electro-
optic coefficient and bias dc field, ϕ denotes the scalar poten-
tial of the electric screening field, E is the amplitude of the
extraordinarily polarized probe beam, and I = 1+|U|2 +|E|2
gives the total light intensity, including the normalized back-
ground illumination, the lattice wave intensity |U|2, and the
probe beam intensity |E|2.

The standard form U(x, y, z) = Ũ(x, y) exp(iβz) with

Ũ(X, Y ) = A sin

(
2Y√

3

)
sin

(
Y√

3
+ X

)
sin

(
Y√

3
− X

)

leads to diffraction-free propagation of the lattice wave for
the triangular patterns, where (X, Y ) = (x, y) for the parallel
orientation (Fig. 3a) and (X, Y ) = (y, x) for the perpendicu-
lar orientation (Fig. 4a). In order to study the lattice induction
process alone, we set E ≡ 0, i.e., I = 1 +|Ũ(x, y)|2.

Similar to the diamond and square pattern, these lattices
also show strong orientation anisotropy in the symmetry of
the induced refractive index changes. Corresponding numer-
ical calculations for both lattice types are shown in Figs. 3d
and 4d. For the parallel orientation (Fig. 3), every two verti-
cally neighboring out-of-phase lobes of the field distribution
induce a focusing dipole-island and these islands form essen-
tially a diamond pattern with angles of 60◦ (Fig. 3d). In the
same way, the triangular pattern with perpendicular orienta-
tion (Fig. 4) induces a refractive index change comparable to
the square pattern with regions of high refractive index form-
ing vertical lines (Fig. 4d) [19]. The experimentally observed
guided waves (Figs. 3e and 4e) confirm these numerical re-
sults.

In order to study the formation of discrete and gap solitons
in such lattices, we also calculated the bandgap spectrum for
both lattice types as shown in Figs. 3c and 4c.

4 Fundamental discrete solitons

To describe the beam propagation in triangular
photonic lattices, we also use the full anisotropic model (1)–
(3). In contrast to the description of the lattice induction pro-
cess, the total intensity now includes all three terms, I = 1 +
|Ũ(x, y)|2 +|E|2, i.e., the probe beam (soliton) intensity |E|2
is no longer equal to zero. The numerical parameters are cho-
sen to match our experimental conditions.

Experimentally, we generate fundamental discrete soli-
tons by focusing an extraordinarily polarized gaussian beam
into one lattice site at the front face of the crystal. Our results
are summarized in Figs. 5 and 6 for the parallel and perpen-
dicular lattice, respectively. Although the probe beam is ex-
traordinarily polarized, we also observe its linear propagation
(discrete diffraction) using the slow response of photorefrac-
tive nonlinearity. Indeed, the process of optical induction is
much slower than the propagation of light and immediately
after launching the probe beam the periodic refractive index
induced by the lattice wave is undistorted.

It is clearly visible that the diffraction of the probe beam
in the parallelly oriented lattice at low power shows a be-
havior similar to the diamond lattice, forming a fully two-

FIGURE 5 Experimental results (left) and numerical simulations (right)
for the formation of fundamental discrete solitons in the parallel triangu-
lar lattice. (a, b) diffraction of the probe beam at low power (≈ 20 nW),
(c, d) localized state at moderate power (≈ 45 nW), (e, f) discrete soliton
(≈ 160 nW), used color map going from blue (low intensity) to red (high
intensity) depicted between both columns

dimensional diffraction pattern (Fig. 5a). In contrast, corres-
ponding images for the perpendicular lattice (Fig. 6a) show an
effectively one-dimensional diffraction pattern consisting of
vertical stripes as observed for the square pattern [21].

Increasing the power of the probe beam, we observe the
evolution from the described diffraction pattern to the strongly
localized discrete solitons (Figs. 5e and 6e). The correspond-
ing numerical simulations (Figs. 5 and 6, right columns) are in
very good agreement with our experimental observations.

5 Dipole-mode gap solitons

In addition to the previously discussed fundamen-
tal discrete solitons in triangular photonic lattices, our numer-
ical simulations reveal that the lattice in parallel orientation
with its dipole-like islands of high refractive index gives rise
to the formation of dipole-mode gap solitons originating from
the M3-point of the irreducible first Brillouin zone (Fig. 3b).

To compare these numerical simulations to the experi-
ment, we generate a dipole-like input beam by using the su-
perposition of two counter-rotating vortices as described in
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FIGURE 6 Experimental results (left) and numerical simulations (right) for
the formation of fundamental discrete solitons in the perpendicular triangu-
lar lattice. (a, b) diffraction of the probe beam at low power (≈ 15 nW),
(c, d) localized state at moderate power (≈ 35 nW), (e, f) discrete soliton
(≈ 140 nW), used color map going from blue (low intensity) to red (high
intensity) depicted between both columns

Sect. 2 and observe the output of the probe beam at the back
face of the crystal for different probe beam powers.

The experimental as well as the numerical results are sum-
marized in Fig. 7. At low probe beam powers the diffraction
pattern consists of a central dipole surrounded by four side
lobes each forming a dipole itself (Fig. 7a). With increased
power the side lobes vanish and a stable dipole-mode gap soli-
ton evolves (Fig. 7e). Again there is a very good agreement
between experimental results and numerical simulations.

The existence of these stable solitons in triangular lattices
offers novel possibilities to control dipole-like beams. In bulk
photorefractive media they are known to experience strong re-
pulsion [25], whereas in the presence of the lattice they are
confined in one dipole-like island of high refractive index.

6 Conclusions

In conclusion, we have presented the first experi-
mental and numerical investigation of fundamental discrete
solitons as well as dipole-mode gap solitons in anisotropic
triangular lattices of two different orientations. It has been
shown that both lattice orientations enable the formation of

FIGURE 7 Experimental results (left) and numerical simulations (right)
for the formation of dipole-mode gap solitons in the parallel triangular lat-
tice. (a, b) diffraction of the probe beam at low power (≈ 10 nW), (c, d)
localized state at moderate power (≈ 25 nW), (e, f) dipole-mode gap soli-
ton (≈ 90 nW), used color map going from blue (low intensity) to red (high
intensity) depicted between both columns

fundamental discrete solitons. Moreover, the parallel lattice
enables stable propagation of dipole beams due to the exis-
tence of dipole-mode gap solitons.
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